Loss of the cell adhesion molecule E-cadherin has been observed in a variety of human carcinomas, and germline E-cadherin mutations have been found in several familial cases of diffuse gastric cancer. We sought to determine the prevalence and nature of E-cadherin alterations in "sporadic" gastric carcinomas. We performed comprehensive sequencing of the coding region, loss of heterozygosity (LOH) analysis, and immunohistochemical protein expression determination on 40 sporadic gastric adenocarcinomas. In total, 7 of 25 diffusetype cancers harbored genetic alterations in the E-cadherin gene. Novel mutations predicted to significantly compromise protein function were found within 4 of these cancers, 2 of which harbored alterations resulting in biallelic inactivation of the gene product. Three diffuse cancers failed to amplify Exon 8 of E-cadherin, suggesting the presence of a homozygous abnormality. Notably, one germline E-cadherin mutation was also identified within these "sporadic" diffuse cancers. Significant gene mutations were not found in the 14 intestinal-type or histologically mixed cancer. Immunohistochemistry revealed aberrant or negative protein expression in seven diffuse-type tumors, four of which correlated with the genetic alterations. Both diffuse and intestinal-type tumors exhibited low rates of LOH, suggesting that allelic loss at the locus is not a common mechanism for E-cadherin inactivation during gastric tumorigenesis. Our observations suggest that inactivation of the E-cadherin gene occurs only in a subset of diffuse-type gastric cancers, as the majority of cases did not contain genetic alterations or identifiable protein abnormalities. 
E-cadherin is a calcium-dependent epithelial cell adhesion molecule expressed at adherens junctions. Similar to the case with other members in the cadherin family, this transmembrane glycoprotein mediates homophilic cell-cell adhesion. The extracellular portion consists of five repeat domains, which create four calcium-binding sites that are essential for protein integrity (1) . The protein's cytoplasmic domain complexes with actin filaments through the intracellular attachment proteins: ␣, ␤, and ␥ catenins.
Loss of E-cadherin homophilic cell-cell binding may result in the poorly differentiated phenotype of diffuse-type gastric carcinoma (2) . E-cadherin mutations, affecting the extracellular domain, have been observed to alter cell shape toward a less epithelioid morphology and to also interfere with adhesion (3) . Furthermore, cells with mutated E-cadherin demonstrate increased motility and altered organization of their actin cytoskeleton. Loss of E-cadherin expression has also been associated with metastasis, thereby providing evidence for its role as an invasion suppressor (4) .
Loss of E-cadherin expression has been observed in many types of human cancer (4 -6) . Partial screening analyses have found somatic alterations of the E-cadherin gene (CDH1) in diffuse-type gas-tric cancer and in infiltrating lobular carcinoma of the breast, each of which exhibits striking loss of cell-cell adhesiveness (7) (8) (9) (10) (11) (12) . The majority of the somatic changes reported are skipped exons observed in cDNAs, mostly in Exons 8 and 9, which encode for the highly conserved extracellular calcium-binding domains essential for E-cadherin adhesiveness (13) .
Germline mutations in the E-cadherin gene have been identified in several kindreds, manifesting as an autosomal-dominant inheritance of susceptibility toward the early development of diffuse-type gastric cancer (14 -19) . These mutations have been found in a variety of ethnic populations, including those of European, Japanese, Korean, and Maori descent. Germline mutations have been distributed over 14 of the 16 exons of E-cadherin (20) .
In light of these observations, we sought to determine the prevalence and type of E-cadherin mutations in "sporadic" diffuse-type gastric carcinomas. Previous studies of sporadic gastric cancers have been limited in their analyses, with only partial screening of the coding region of E-cadherin or measuring only mRNA levels. We performed a comprehensive genetic screen of the entire coding region and the flanking intron-exon boundaries using genomic DNA of 25 diffuse type, 14 intestinal type, and one mixed case. We examined the tumors for allelic loss and loss of protein expression using immunohistochemical analysis. The prevalence of germline E-cadherin mutations among these cases was also determined.
MATERIALS AND METHODS

Samples
Forty surgically resected primary gastric adenocarcinoma and paired normal tissue specimens from patients were collected between 1994 to 1999 and frozen at the University of Virginia, Johns Hopkins University, and the Universita Degli Studi Di Siena, Italy in accordance with internal review board-approved protocols. The gastric tumors were microdissected to Ͼ70% neoplastic cells for nucleotide extraction and sectioned for immunohistochemical analysis. Tumor-node-metastasis (TNM) staging of the resected cancers was assessed according to the consensus criteria adopted by the International Union Against Cancer (20) . All four TNM stages were represented by the cases included in this study. The histopathology of these samples was assessed according to the Lauren classification, and 25 were classified as diffuse type, 14 as intestinal type, and 1 as a mixed type according to the Lauren classification. None of these cases fulfilled the Amsterdam criteria for hereditary nonpolyposis colon cancer. High molecular weight genomic DNA was extracted from tumor and normal samples by SDS/proteinase K digestion, phenol chloroform extraction, and ethanol precipitation as previously described (21) .
Mutational Analysis
All 16 exons of the E-cadherin gene (CDH1) were amplified and sequenced for each of the samples using primers that have been published previously (9) . Exons were amplified by PCR in a standard thermocycle reaction for 40 cycles. (Amplimers and detailed conditions are available from authors upon request.) PCR products were either column purified according to the manufacturer's protocol (Qiagen, Valencia, CA) or treated with exonuclease before directly sequencing using an amplimer and Thermosequenase, according to the manufacturer's protocol (Amersham, Piscataway, NJ). Products of sequencing reactions were then electrophoresed on a 6% denaturing polyacrylamide gel and subsequently visualized by autoradiography. Each mutation was confirmed by an independent PCR amplification and sequence analysis.
To further characterize a somatic mutation identified, an RT-PCR reaction was performed on diffuse-type cancer g71 total RNA that was isolated according to manufacturer's protocol (Qiagen, Valencia, CA). One microgram of RNA was used in first-strand synthesis in a reaction including hexamers and superscript (Gibco BRL, Rockville, MD), also according to manufacturer's protocol. The products were then amplified using primers within Exons 6 and 10 (E-cadherin Exon 6, forward: 5'-GTCTGTCATGGAAGGTGCTC-3' and E-cadherin Exon 10 reverse: 5'-TCATTCACATCCCAGCACATC-3') in a standard thermocycle reaction of 40 cycles with an annealing temperature of 55°C. These products were then purified and sequenced as described above.
LOH Analysis
Loss of heterozygosity was assessed for the 40 tumors using six polymorphic microsatellite markers on chromosome 16q near the E-cadherin gene. The markers included D16S752, D16S3043, D16S3019, D16S3083, D16S402, and D16S402. LOH analysis was performed by using an end-oligonucleotide labeling method as described previously (22) . In brief, the forward primer was end-labeled with [␥- 32 P]ATP in a tyrosine kinase reaction incubated at 37°C for 18 minutes and subsequently heat inactivated at 68°C for 5 minutes. The primer was then purified using a G-25 Microspin column according to the manufacturer's recommendation (Amersham Pharmacia Biotech, Piscataway, NJ) The reverse unlabeled primer was then added and used in a thermocycle reaction. Optimal PCR conditions were obtained for each marker, and amplification was performed for each tumor and normal DNA sample pair for subsequent electrophoresing on 7% acrylamide gels.
Normal samples with two distinctly sized alleles at a particular marker were termed "informative." Each informative tumor and normal DNA was then compared with respect to allelic band intensity using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). A comparative ratio was then produced by dividing the tumor allelic ratio by the normal allelic ratio. A comparative ratio Ն1.5 was considered to represent allelic loss, and one of Ͻ1.5, to represent allelic retention. Samples with only one allelic band were considered noninformative. A tumor that demonstrated a differently sized allele compared with its respective normal sample was scored as microsatellite instable.
Immunohistochemical Staining
Immunohistochemistry was performed on frozen sections of 36 available samples (14 intestinal type, 21 diffuse type, and 1 mixed). The monoclonal antibody HECD-1 (Zymed Laboratories, South San Francisco, CA), directed against the N-terminal portion of E-cadherin, was used in a 1:200 dilution of a 10-g/mL stock solution. The monoclonal antibody AEC (clone 36, Transduction Laboratories, Lexington, KY), directed against the C-terminal portion of E-cadherin, was used in a 1:2000 dilution of a 250 ug/mL stock solution. Epitope retrieval was used for both antibodies: 4-m histologic sections on glass slides were immersed in 10 mM citrate buffer, pH 6.0, and heated in a microwave oven at a high setting (Emerson, 1200 W). Evaporated liquid was replenished at 5-minute intervals for a total of 20 minutes. Antibody was applied to the histologic sections for 1 hour at room temperature, which was followed by the avidin-biotin-peroxidase staining technique (Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA) and incubation with 3,3' diaminobenzidine tetrahydrochloride. The sections were counterstained with hematoxylin. Staining was classified as positive (predominant surface membrane immunoreactivity), aberrant (cytoplasmic only), and negative (complete absence). In cases classified as positive and aberrant, staining was observed in the majority of tumor cells.
RESULTS
Mutational Analysis
All 16 coding exons of the E-cadherin gene, including each flanking exon/intron boundary, were successfully amplified in all samples except for three diffuse-type cancers (g160, g93, and g108) that failed to amplify Exon 8. The integrity of these three DNA samples was observed in the successful amplification of the remaining 15 exons of the E-cadherin gene. Multiplex PCR was not possible for this exon because of high magnesium requirements, and RNA was not available on these cases for RT-PCR analysis.
Nucleotide sequencing analysis of amplified PCR products revealed novel mutations in four diffusetype cases (Table 1 .) These mutations are predicted to significantly alter the protein product. Although the number of cases with E-cadherin gene and expression alterations was small, no obvious association with clinicopathologic parameters was found as both early (Stage II) cases and more advanced (Stage III) cases harbored changes in this gene and gene product. A 1-base pair insertion was found at Codon 403 of Exon 9 in Cancer g24, and this is predicted to result in a premature stop in Codon 418 in Exon 9 (Fig. 1A. ) For Cancer g112, a 5-bp insertion at position 1216 of Exon 9 was observed, also predicted to result in a premature stop at Codon 418. These mutations were not seen in the corresponding noncancerous tissue, thus confirming the somatic nature of the alterations.
A single base pair substitution was found within Exon 12 of Cancer g71 in both the normal and neoplastic tissue DNA, revealing the germline nature of this alteration (Fig. 1B. ) This G to A transition at Nucleotide 1849 of the gene is predicted to result in a single amino acid substitution of an alanine for a threonine at Codon 617, thus altering a conserved calcium-binding DAD motif.
A splice acceptor site mutation consisting of an A to C transversion at the Ϫ2 position of the Intron 7/Exon 8 boundary was observed for Cancer g74. As normal tissue was limited, neither DNA nor RNA from noncancerous tissue was available for this case, and we were unable to determine the somatic or germline nature of this mutation. An RT-PCR reaction of RNA extracted from this tumor revealed the presence of an aberrantly spliced mRNA of a shorter length as well as the presence of a normal, properly spliced fragment ( Fig. 2A .) The aberrant fragment was sequenced and found to have skipped Exon 8 (Fig. 2B) .
Genetic alterations without obvious functional importance were also observed. The intestinal-type Case g154 carried a missense G to A transition in Position 1774, which is predicted to result in a single amino acid substitution of an alanine to a threonine at Codon 592 of Exon 12. Additionally, silent polymorphisms and intronic changes were observed in 18 cases: 12 diffuse type and 6 intestinal type ( Table 2 .)
LOH Analysis
Allelic loss was determined using six polymorphic microsatellite markers straddling the E-cadherin gene locus at 16q22.1. Twenty-four of 26 (92.3%) diffuse-type and 13 of 14 (92.8%) intestinal-type cases were informative for at least one marker. Seven of 24 (29.2%) informative diffuse-type and 6 of 13 (46.2%) informative intestinal-type cases exhibited loss of heterozygosity (LOH) at the E-cadherin locus. Only one diffuse-type case (g155) and one intestinal-type case (g116) consistently showed LOH for all of their respective informative markers. Six diffuse-type cases (g24, g30, g112, g126, g181, and g204) and intestinal-type case g51 only showed loss for one of two informative markers. Two intestinal-type cases (g147 and g170) showed loss in one of three informative markers, and two intestinal type cases (g154 and g165) showed loss in one of four informative markers. Microsatellite instability was observed in diffusetype Case g126 for one marker, Case g204 for two FIGURE 2. Analysis of diffuse-type cancer G74. A, RT-PCR analysis. A 639-bp cDNA fragment spanning from Exon 6 to 10 of the E-cadherin gene is shown here. Lanes 1 and 2 represent mRNA extracted from normal colon tissue and a tumor from g74, respectively. The properly spliced fragment is seen in cancer g74 (Lane 2) as well as a shorter, improperly spliced fragment. B, Sequence analysis of the cDNA fragment. Sequence reactions were grouped by nucleotide as in Figure  1 . Lanes 1 and 4 represent the normally spliced cDNA fragment from normal colon tissue and diffuse-type cancer g108, respectively. Lanes 2 and 3 represent the properly spliced and improperly spliced cDNA fragment of cancer g74, respectively. The improperly spliced cDNA fragment is shown here to have skipped Exon 8.
FIGURE 1. Mutational analysis of the E-cadherin gene (CDH1)
. The coding region of the E-cadherin gene was analyzed by DNA sequencing of gastric carcinomas. Sequence reactions were grouped by nucleotide to aid in the identification of any aberrations. A, Exon 9, including the intron-exon boundaries, of five representative diffuse-type cases is displayed. Lanes 4 and 5 represent DNA extracted from tumor and noncancerous tissue from diffuse-type Case g24, respectively. A somatic C insertion in Codon 403 of Exon 9 (Lane 4) predicted to result in a premature stop in Codon 418 is observed. B, Exon 12 of three diffusetype cases. Lanes 2 and 3 represent DNA extracted from tumor and noncancerous tissue from diffuse-type Case g71, respectively. A G to A transition at Position 1849 is observed in both the normal and cancerous tissue DNA, which is predicted to result in a single amino acid substitution of an alanine to a threonine in Codon 617. markers, and intestinal-type Case g165 for three markers; all three cases also showed LOH for one of one informative marker.
Immunohistochemistry
Cell membrane-positive staining using each of the antibodies was observed for all 14 of the pure intestinal-type and 15 of the 22 diffuse-type tumors that were immunostained. A representative example is shown (Fig. 3A. ) Aberrant or complete loss of expression when stained with one or both antibodies was apparent in the one mixed-type cancer and in six of the diffuse-type cancers, four of which coincided with genetic alterations (see Table 1 .) Diffuse-type adenocarcinoma g24 stained positive with the N-terminal antibody yet revealed complete loss of expression when stained with the C-terminal antibody (Fig. 3C, D) . Immunohistochemical staining of Case g112 resulted in aberrant (cytoplasmic) staining, with the antibody recognizing the C-terminus of E-cadherin (Fig. 3B) , whereas the antibody to the N-terminus protein showed surface membrane staining (data not shown). Diffuse-type Cancer g74 showed focally positive expression with only the N-terminal antibody. Diffuse-type Case g108 exhibited complete loss of protein expression with each antibody.
The remaining three diffuse-type gastric tumors with protein staining abnormalities were not found to contain any genetic alterations. Diffuse-type cancers g8 and g181 resulted in positive membrane staining when using the N-terminal antibody but complete loss of expression with the C-terminal antibody. Mixed case g30 showed areas with loss of E-cadherin protein expression in the diffuse component of the tumor upon staining with the N-terminal antibody, whereas the intestinal component exhibited surface membrane immunoreactivity. No staining was seen for this case using the AEC antibody, which recognizes the C-terminal domain of E-cadherin. 
a Loss/informative. D, diffuse type; het, heterozygous; hom, homozygous; NAD, not able to be determined.
DISCUSSION
The prevalence and type of E-cadherin gene alterations, biallelic inactivation, and changes of protein expression in sporadic gastric cancer were determined in this study. Our findings suggest that inactivation of the E-cadherin gene and loss of normal E-cadherin protein is involved in only a minority of "sporadic" diffuse-type carcinomas. Significant genetic alterations were not found in any of the 14 intestinal-type or mixed-type gastric cancers, but were found in 7 out of 25 diffuse-type cancers. Similarly, protein abnormalities were not observed in any of the 14 intestinal-type, but were seen in 7 out of the 22 diffuse-type cancers analyzed. Thus, the majority of diffuse-type tumors (68%) and all of the intestinal-type gastric cancers had no detectable abnormalities in either the gene or its protein expression.
The four novel E-cadherin gene (CDH1) nucleotide alterations identified are predicted to significantly alter the gene product function. Two of these alterations are somatic changes, whereas one is a germline mutation, and the somatic or germline status for the fourth mutation was not able to be determined. In contrast, only one somatic gene alteration was found in an intestinal-type cancer and its functional importance is uncertain. Nineteen diffuse-type cases contained a normal E-cadherin gene sequence, suggesting that E-cadherin mutation may be a relatively infrequent event in the development of diffuse-type carcinomas.
Of the four diffuse-type cancers harboring E-cadherin mutations, two cases have suffered biallelic inactivation, consistent with Knudsen's classic two-hit model of tumorigenesis. Diffuse-type Cancers g24 and g112 carried somatic mutations in Exon 9, predicted to result in a truncated protein containing only the extracellular domain. Immunohistochemical analysis of g24 supported the predicted truncation of the protein because only the extracellular amino terminal region could be detected (see Fig. 3, C-D) . Interestingly, Case g112, which harbored a 5-bp insertion predicted to produce a similar truncated protein as g24, yet did not consistently show LOH as g24, exhibited a distinct cytoplasmic staining pattern using the C-terminal antibody (see Fig. 3B ). This particular staining pattern has also been seen in calcium-depleted conditions in which E-cadherin-mediated cell-cell adhesion was lost (23) . Handschuh et al. (3) observed this pattern of staining in cell lines that harbored mutations in Exons 8 and 9. Thus, the unique staining pattern observed in g112 might reflect the presence of an altered E-cadherin protein that has either been removed from the membrane or incorrectly processed within the Golgi apparatus. Recently, selective degradation and proteolytic cleavage of the E-cadherin protein has been noted, with the resulting fragment being distinct from the soluble form of the protein, remaining associated with cytoplasmic ␤-catenin (24, 25) . More important, the presence of these aberrantly expressed proteins, in conjunction with the somatic alterations observed, supports the hypothesis that the E-cadherin locus has undergone biallelic inactivation for these two cases.
On the other hand, two diffuse-type cancers g71 and g74 did not appear to contain biallelic E-cadherin inactivation. They harbored an E-cadherin gene mutation in one allele, whereas the other allele appeared to remain unaltered on several levels of genetic and immunohistochemical analyses. Cancer g71 carried a germline missense mutation predicted to result in a single amino acid substitution in a conserved DAD motif in Exon 12, which is a conserved calciumbinding site. This mutation did not coincide with LOH or any protein abnormalities. This patient was a woman of African-American descent and was 64 years of age when diagnosed with a Stage IIIA cancer. A review of the family history for this patient revealed no other family members with gastric cancer, although the medical records were scant and the patient was deceased. Cancer g74 had an alteration in a conserved splice acceptor site of Intron 7, which is predicted to affect the extracellular domain of the protein. Similar mutations have been reported previously (7, 11, 26) and demonstrated to result in Exon 8 skipping, as we observed ( Fig. 2A,B) . The presence of the properly spliced mRNA suggests that the second allele has remained unaffected.
Three diffuse-type cases (g93, g160, and g108) appear to contain genetic alterations involving Exon 8 and its flanking introns. Our results suggest the presence of a gross homozygous genetic alteration, such as a large insertion or deletion, within these cancers. Cancer g108 revealed a complete absence of E-cadherin protein expression providing additional evidence of a significant change in the integrity of this gene's protein.
Immunohistochemical analysis demonstrated the presence of a properly expressed membranous protein in all of the intestinal-type and the majority of the diffuse-type cancer. Of the seven diffuse-type cancers with abnormalities, three exhibited loss of E-cadherin expression and did not harbor any identifiable nucleotide alteration. Analysis of cancers g8 and g181 suggests the loss of the cytoplasmic domain of the E-cadherin protein, and although g181 did show LOH, no genetic aberrations could be identified to explain this loss ( Table 1 ). The diffuse part of mixed case g30, showed complete loss of protein expression and allelic loss ( Table 1) . The fact that nucleotide changes were not observed in the coding region of some of these cases with abnormal protein expression may reflect the dysregu-lation of gene expression. Complete loss of protein expression has been observed to be associated with hypermethylation of CpG islands in the promoter of the E-cadherin gene (27, 28) . Complete loss of expression has also been postulated to be the result of the silencing effects of a yet-to-be characterized cisor trans-acting factor (29) .
In general, allelic loss was noted only in a minority of cases. Interestingly, diffuse-type cancers in our study showed a significantly lower rate of allelic loss (29.2%) compared with the intestinal-type tumors (46%). Indeed, significant LOH was not noted at the E-cadherin loci in previous comprehensive surveys (22, 30) . Furthermore, a recent molecular study on gastric cancers carrying germline mutations in the E-cadherin gene consistently demonstrated an absence of LOH at this locus and observed that methylation of the promotor was commonly noted in the wild-type allele (28) . Thus, allelic loss at this locus may not be a common mechanism for inactivation of E-cadherin.
In summary, our results suggest that inactivation of E-cadherin is an infrequent event in the development of sporadic gastric cancer, even in the diffuse-type. Thus, critical alterations underlying the majority of diffuse-type gastric carcinomas remain to be characterized. Other molecules directly involved in E-cadherin-mediated cell-cell adhesion complex such as the intracellular attachment proteins ␣, ␤, and ␥ catenins may be subject to targeted alteration. Previous studies have reported decreased ␣-catenin expression in gastric cancers (31) (32) (33) (34) (35) . Whether other molecules in the same biochemical pathway as E-cadherin or other yet-to-bediscovered signaling pathways are altered in diffuse gastric cancers remains to be determined.
